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WIND CLIMATOLOGY OF THE MOUNT WASHINGTON OBSERVATORY   

(1935-2013) 

 

by 

Kevin Patrick Cronin 
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ABSTRACT 

 The Mount Washington Observatory (MWO), which is located on the summit of 

Mount Washington, New Hampshire (44.27° N, 71.30° W, 1917 m ASL), has operated 

and maintained more than 80 years of continuous weather observations.  This is the first 

climatological analysis of the digitized MWO wind record (1935-present) and 

incorporates data from 1935-2013.  The MWO station site changes and obstructions on 

the summit made a measurable impact on the wind record.  This study did not account for 

the site changes or obstructions on the summit and did not attempt to make corrections on 

the record.  Since the anemometer moved in 1980 to the current location on the Sherman 

Adams Building, it has been fully exposed to the prevailing westerly wind direction.      

Wind speed and directional diel patterns exist during all seasons with the most 

consistent diel pattern seen in the summer. Summer wind speed peaks before sunrise and 

decrease to a minimum in the early afternoon indicating frequent planetary boundary 

layer exposure. The weak winter diel wind cycle implies regular exposure to the free 

troposphere in the winter where synoptic scale patterns dominate wind variability. The 

influence of large-scale atmospheric circulation patterns (e.g., Arctic Oscillation) on 
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Mount Washington wind speed is strongest during the cold season, but is relatively weak.  

A Theil-Sen's slope trend analysis of the Mount Washington wind record from 1981-

2013 reveals a decrease of 0.25 m s-1 decade-1.  Although the finding is not statistically 

significant, it is consistent with similar decreasing trends observed at other Northern 

Hemisphere mid-latitude stations that may be a result of Arctic amplification.
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CHAPTER 1 

1.  Literature Review 

  This climatological study examined the wind recorded by the Mount Washington 

Observatory (MWO) on the summit of Mount Washington, New Hampshire (44.27° N, 

71.30° W; 1917 m ASL).  The continuous wind record measured by MWO from 1935 to 

present provides a high quality wind record near the upper limits of the planetary 

boundary layer and the lower portions of the free troposphere for climatological research.  

A wind climatology of MWO wind record will provide additional information on how 

climate and environment changes impact the wind measured by MWO. 

a. Long-Term Northern Hemisphere Wind Records 

The recent Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment 

Report (AR5) stated that almost all wind records deal with some instrumental and 

metadata uncertainties.  Most land weather stations that record wind speed do not have a 

uniform wind record (IPCC AR5).  It is uncommon to find a wind record that contains 

metadata that establishes site changes, instrumentation changes and roughness changes 

within the measuring area (IPCC AR5).  Since mean wind speed varies logarithmically 

with height in the surface layer (lowest layer of the planetary boundary layer) (Stull 

1988), changes in anemometer height throughout a particular data record can lead to an 

inconsistent dataset (IPCC AR5).  However, Wan et al. (2010) found that by using 

metadata information about the sites and conducting statistical homogeneity tests the 

wind data become more reliable.  The following studies (some already highlighted in 

IPCC AR5) represent wind studies done within a specific region in the Northern 

Hemisphere (NH): China and the Tibetan Plateau (Lin et al. 2013), United Kingdom 
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(UK) (Earl et al. 2013), Canada (Wan et al. 2010), continental US (Pryor et al. 2007), 

Alaska (Lynch et al. 2004), and Spain and Portugal (Azorin-Molina et al. 2014).  Due to 

the difficulties of constructing global wind datasets there have been few global-scale 

wind studies.  The IPCC AR5 report outlines a global scale wind study (McVicar et al. 

2012) and a northern hemisphere wind study (Vautard et al. 2010).  The wind records 

used in these studies have different metadata and homogeneity.  Therefore, it is necessary 

to analyze each study by the merits of its metadata and homogeneity because a small 

environment change can impact what is recorded with the station’s anemometer.  

b. Recent Trends of Northern Hemisphere Winds  

Confidence is low in recent changes in global mean surface wind speed (IPCC 

AR5).  Several studies mentioned within the IPCC AR5 report found decreases in wind 

speed in the Northern Hemisphere mid-latitudes.  Looking at a period from 1960 to 2009, 

surface and elevated sites in China and the Tibetan Plateau have recorded a decreasing 

trend in wind speed with a recent recovery of wind speeds to a neutral or slightly positive 

trend (Lin et al. 2013).  The wind speed trends at elevated sites (e.g. Tibetan Plateau) 

changed more rapidly than lower level sites whether trend was increasing or decreasing.  

A study composed of 40 sites in the United Kingdom from 1980-2010 found an overall 

decreasing trend (Earl et al. 2013).  Another study in Europe looked at 67 sites in Spain 

and Portugal and found an overall decreasing trend from 1961-2011.  Decreasing trends 

were not only limited to Asia and Europe.  In North America decreasing trends were 

found throughout most of the continental US from 1973-2005 (Pryor et al. 2007).  Most 

of the 117 Canadian sites found a decreasing trend from 1953 to 2006 (Wan et al. 2010).  

However, an increasing trend was found in the central-northern portions of Canada and 
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the Maritimes.  An increasing trend was also found in Barrow, Alaska (Lynch et al. 

2004).  Over Northern Hemisphere land, a 5-15% decline in surface wind speeds was 

found from 1979-2008 (Vautard et al. 2010).  A global review of 148 studies, which 

included some of the previously mentioned studies, found that wind speeds near Earth’s 

surface are declining in the tropics and mid-latitudes by -0.14 m s-1 per decade (McVicar 

et al. 2012). 

c. Causes of the Declining Wind in the Northern Hemisphere 

 Vautard et al. (2010) concluded that an increase in surface roughness (increasing 

vegetation) around land measurement sites is the main cause for declining wind in the 

Northern Hemisphere and a change in atmospheric circulation is a possible secondary 

cause of decreasing wind speeds.  McVicar et al. (2012) states that the changes are most 

likely due to several factors including changes in surface roughness, atmospheric 

circulation changes, and states that further research is needed in determining the cause of 

this decline.  Lin et al. (2013) studied elevated and surface sites and found that surface 

roughness changes were most likely not responsible for the large scale decreases of wind 

speed in China at least in the upper level sites.  Elevated sites were mostly influenced by 

changes in tropospheric warming in the upper and mid-latitudes.  According to Lin et al. 

(2013), the NCEP–NCAR reanalysis geopotential height gradient at 500 hPa is correlated 

with the changes of the Hadley Centre and Climate Research Unit (CRU) latitudinal 

surface temperature gradient, with a correlation coefficient of 0.88 from 1960-2009 over 

China.  This finding implies that the changes in wind speeds in the upper levels of the 

atmosphere can be influenced by changes in temperatures at the surface (Lin et al. 2013).  

Higher elevation sites experienced greater changes in wind velocities than surface 
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stations during the periods analyzed (Lin et al. 2013). Currently, the Arctic is warming 2 

to 3 times faster than the mid-latitudes and tropics (Taylor et al. 2013).  Lin et al. (2013) 

and Klink (1999) hypothesized that decreasing the pressure gradient from increased 

warming in the upper latitudes compared to the tropics (known as Arctic Amplification) 

could decrease winds.  Climatological studies of high quality mountain wind records 

(e.g., Lin et al. 2013) not influenced by changes in the local environment will help make 

progress towards understanding why winds are declining in the NH upper and mid-

latitudes.  

Chapter 2 begins with the Mount Washington summit stations and instruments 

used by MWO observers to measure wind.  Towards the end of chapter 2 is the 

climatology methodology.  After establishing the metadata uncertainties, chapter 3 starts 

with the effects of the site changes on the wind record.  The wind record from 1935 to 

2013 is assessed to show the seasonal and yearly and diel variability in wind speed and 

direction.  Lastly a climatological analysis of the Mount Washington wind record and a 

comparison to reanalysis data since 1981 is presented.  
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CHAPTER 2 

2. Station Location, Instrumentation and Methodology  
 

This chapter will describe the site and instrumentation changes that occurred on 

the summit.  After the MWO metadata is described, the methodology for the wind 

climatology is provided.   

a. Location of the Mount Washington Observatory and its Wind Instrumentation 
 

Mount Washington is the tallest peak in the northeastern United States (Fig. 1) 

and located in the White Mountains of New Hampshire.  Figure 2 displays the 

topography of the Presidential Mountain Range, which has a north-south orientation.  

Complex terrain surrounds Mount Washington except to the west and northwest.  The 

treeline within the Presidential Range varies from ~1100 m to ~1700 m (Kimball and 

Weihrauch 2000).  Therefore, the only roughness changes that could affect the MWO 

wind observations are construction of buildings or other obstructions on the summit cone. 

The wind record consists of measurements taken from several different locations 

on the summit during different time periods (Fig. 3). From 15 October 1932 to fall 1937, 

anemometers were located ~8.5 m above ground or ~3 m above the roof peak of the old 

Stage Office (site 1 in Fig. 3), which was owned by the Mount Washington Summit Road 

Company (Brooks 1943).  In the summer of 1937, a new observatory building was 

constructed (~25 m) west of the Stage Office (site 3 in Fig. 3).  On 17 November 1937, 

anemometers were moved 9.1 m west-northwest of the Stage Office to a stand-alone 

~10.6 m square wooden tower east-northeast of the observatory building (Brooks 1943).  

In the fall of 1941, the disconnected instrument tower was torn down and a new ~10.6 m 

tower connected to the observatory building was constructed (site 3 in Fig. 3) (Brooks 

1943).  Wind observations were also taken in the summer and in the fall (before icing 
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season in the fall) atop the storage tank (site 4 in Fig. 3) located at the geographical 

summit until the 1940s when it was demolished (official demolition date is unknown).  

This location is ~9.1 m above ground and 6.1 m higher in elevation than the other sites 

(Brooks 1943).  The connected tower of the observatory building was taken down on 4 

May 1970 and a new ~10.6 m tower was constructed in the same location (site 3 in Fig. 

3) and operational on 9 July 1970 (Smith 1977).  While the new tower was being 

constructed, observations were taken at a temporary location (photograph located in 

Smith 1977) over the roof peak of the Mount Washington Observatory building. In the 

summer of 1980, the Sherman Adams building was constructed and the anemometers 

were moved to the observatory tower (site 5 in Fig. 3) where they still reside today. A 

high-resolution aerial photograph (Fig. 4) taken in 2011 shows the assemblage of summit 

buildings as they currently stand as of April 2015. 

b. Unique Wind Instrumentation and Data Recording 
  

1) FIRST GENERATION OF WIND INSTRUMENTATION (1932-1946) 
 
The Mount Washington Observatory began taking meteorological measurements 

in October 1932 (Pagliuca 1934).  The first regular program of observations began 18 

November 1932 at 08:00 EST (Brooks 1943).  This program included observational 

methods and observation times of the Blue Hill Observatory, who followed the U.S. 

Weather Bureau standard operating procedure (Brooks 1943).  The MWO started with 3-

cup and 4-cup anemometers and a weekly chronograph (triple register) that were loaned 

by the Blue Hill Observatory (Brooks 1943).  The Weather Bureau typically used the 

triple register to measure rainfall and sunshine minutes, however, the MWO staff adapted 

it to measure wind velocity on the summit. To overcome icing conditions, which 
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restricted the US Signal Corps from a continuous wind record during the wintertime in 

the late 1800s, the observatory staff constructed a heated anemometer (Pagliuca 1934).  

The Heated Number 1 Anemometer (Table 1) was inspired by an experimental 

anemometer shown to Dr. Charles F. Brooks, the first Director of the Mount Washington 

Observatory, by Dr. Sverre Petersson from the Norwegian Weather Service at Bergen, 

Norway (McKenzie 1984).  The Mann Instrument Company in Cambridge, 

Massachusetts constructed this unique instrument and then it was tested at the 

Guggenheim Aeronautical Laboratory of the Massachusetts Institute of Technology 

(McKenzie 1984).  

Similar to the 3-cup and 4-cup anemometers, the Heated Number 1 Anemometer 

was electrically connected to a weekly recorder (triple register/chronograph; Fig. 5) 

(Pagliuca 1934).  Each dot in the zig-zag pattern (Fig. 5) represents one mile of air 

passage past the instrument, or 500 revolutions of the Heated Anemometer or cup 

anemometer (Pagliuca 1934).  From crest to trough there are 11 dots representing the 11 

miles of wind that the instrument recorded. 

After an unsuccessful installation of the Heated Number 1 Anemometer that led to 

instrument damage and subsequent repairs, the Heated Number 1 Anemometer was 

repaired, re-installed, and became operational on 9 November 1932 (McKenzie 1984).  

The improved Heated Number 1 Anemometer showed that the design could hold up 

against heavy icing conditions.  MWO made a request for a similar design with 

improvements.  This new heated anemometer, called the Heated Number 2 Anemometer, 

contained a sheltered heater with a vent around the shaft, a 700-watt double-circuit 

heating device, and vacuum contacts for electrical recording (Pagliuca 1934).  The 
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Heated Number 2 Anemometer (Fig. 6) was also constructed by the Mann Instrument 

Company with the financial support of the Permanent Science Fund of the American 

Academy of Arts and Sciences (Pagliuca 1934).  The Heated Number 2 Anemometer 

became operational on 24 April 1933 (McKenzie 1984) and was tested at the United 

States Bureau of Standards in November 1933 to assess its accuracy and to create a 

calibration curve (Pagliuca 1934).  In June 1934, after the “Big Wind” of 12 April 1934, 

the Heated Number 2 Anemometer was once again sent to the United States Bureau of 

Standards.  A new calibration curve was constructed based on these new tests.  Both 

curves, which are very similar, can be seen in Figure 7.  Curve A (Fig. 7) ends at 190 

mph, the upper limit of the calibrating wind tunnel, meaning that all winds measured 

above 190 mph are wind estimates. Wind velocities recorded at the observatory were 

calibrated based upon initial wind-tunnel tests for the heated anemometer, 3-cup and 4-

cup anemometers (Brooks 1943).  More information on the calibration methods of 3-cup 

and 4-cup anemometers during the first two years of the Observatory can be found in 

Marvin (1934).   

The official anemometer used at any given time changed based upon the velocity 

of the wind and the weather conditions on the summit.  When winds were above 54 m s-1 

(120 miles per hour) or winds were between 5-54 m s-1 with icing, the Heated Number 1 

anemometer provided the official wind speed measurements.  When winds were less than 

~54 m s-1 and there was no icing, the 3-cup/4-cup anemometer was the official 

anemometer (Brooks 1943).  When winds were below ~5 m s-1, the cup anemometers 

were used (Pagliuca 1934).  Light winds were unable to overcome the starting torque of 

the rotor of the heated anemometers. 
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Although the heated anemometers constructed for MWO were a huge 

breakthrough for measuring wind velocities during heavy icing, they still had some 

weaknesses.  Velocities were integrated over time due primarily to the fact that the 

anemometer acted like a flywheel (Brooks 1943).  As a result, rapid variations in wind 

speed, including wind gusts and lulls, are moderated (Lange 1938).  Even after the 

calibrations are applied, an unknown amount of over-registration while the heated 

anemometers were active still occurred, possibly due to the inertia of the rotor and the 

incident angle of the wind (Brooks 1953).  When the rotor of the heated anemometer 

experienced a wind gust, it would accelerate to a maximum rate of rotation with a small 

time lag, and then its inertia may cause it to maintain a high rate of rotation after the gust 

had passed.  A wind impacting the anemometer from an angle below horizon can cause 

the rotor to rotate faster than the actual wind speed.  While the Heated Number 2 was 

being tested at United States Bureau of Standards in June 1934, several tests were 

conducted to see how the Heated Number 2 recorded winds from an angle.  When the 

Heated Anemometer was tilted 11.3 degrees backwards (part of the bottom of the 

anemometer was facing the wind stream), the wind velocity increased approximately 

43% (Pagliuca 1934).  Therefore an inclined wind would produce over-registration. 

 (i.) The “Big Wind” Event  

On 12 April 1934 between 12am and 1pm EST, Sal Pagliuca, measured a gust of 

231 mph (McKenzie 1984).  “He listened to the clicks of the telegraph sounder and used 

a stopwatch to measure the amount of time it took the telegraph to click 3 times.  Sal 

logged the fastest time that the telegraph sounder clicked three times at 1.17 seconds” 

(McKenzie 1984).  The distance the wind travels in between two clicks on the telegraph 
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sounder is 1/30 of a mile (McKenzie 1984).  He then used the first calibration curve (Fig. 

7) of the Heated Number 2 to calculate the wind velocity of 231 mph. The clicks were 

also simultaneously transmitted via radio to Blue Hill where independent time 

measurements were made.  This wind velocity stood as the fastest surface wind gust ever 

recorded (in situ) on Earth until 1996 (Courtney et al. 2011).   

From 1932-1946, no standards existed for measuring wind gust speed; MWO 

manually recorded wind gusts only when the observer thought the wind gust was of 

importance. Events when gusts were manually timed were called extreme wind 

velocities.  An extreme wind velocity is defined as the velocity of a mile recorded in the 

shortest amount of time (Weather Bureau SOP 1939). 

As mentioned above, wind velocity was over-registered if the wind impacted the 

Heated Number 2 Anemometer from an angle below horizontal. At times, observers 

noted southerly to easterly winds reached the custom heated anemometers from an 

upward inclination (Brooks 1943).  Therefore, these winds might have been over-

registered especially during non-icing conditions (Brooks 1943).  By comparing the 3-

cup anemometer to the Heated Number 2 Anemometer, Brooks calculated that 5-min 

gusts (maximum wind velocities) did not exceed 20% over-registration and the average 

speed did not exceed 10% over-registration (Brooks 1953). This potentially brings to 

question the exact speed of the “Big Wind” event.  The 231 mph gust came from the 

southeast, but there was also heavy icing that day (Pagliuca 1934).  The rime formations 

near the mast base of the Heated Number 2 on 12 April 1934 were perpendicular to the 

mast indicating that no corrections to the wind needed to be made (McKenzie 1984). 

Pagliuca (1934) states that: 
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“Critical examination of rime formations near the place of exposure of the 
anemometer at Mount Washington indicates that the air stream driving the rotor is 
so nearly perpendicular to its axis that no correction for inclination should be 
applied to the records.”  

 
There are no examples expressed in the MWO News Bulletins that indicate over-

registration did not occur when the summit was ice-free, and what amount of ice (or its 

angle of formation below horizontal) is needed in order to offset over-registration. 

2) SECOND GENERATION OF WIND INSTRUMENTATION: PITOT-STATIC TUBE ERA 
    (1946-CURRENT) 

A French engineer, Henry Pitot, invented the Pitot-static tube (or Pitot tube) in 

1732 (Pitot 1732).  A diagram of a Pitot tube can be seen in Fig. 8.  The use of a Pitot 

tube atop Mount Washington began in 1933, but it was primarily used for comparison 

readings under special conditions (Pagliuca 1934).  Lange (1938) showed interest in 

utilizing the Pitot tube for wind measurements atop the summit in the fourth MWO News 

Bulletin (in this MWO News Bulletin, the Pitot tube is also referred to as a Dines 

anemometer).  Sgt. A.J. Eckert began testing the Pitot tube for operational purposes on 

Mount Washington in the winter of 1944-1945 (Falconer 1946).  A Pitot tube became 

operational for official use 1 April 1946 (Smith 1977).  Vincent Schaefer of the General 

Electric Company furnished this Pitot tube called a standard Kollsman Type D-1 Pitot 

tube (Falconer 1946).  The Pitot tube was connected to a Hays Draft Recorder or Hays 

Draft Chart (Fig. 9), which was originally used to check the variations of drafts in 

chimneys and factory smokestacks (Falconer 1946).  The official record for hourly wind 

speeds and peak gusts were determined from the Hays Draft Recorder (Smith 1977).  The 

Hays Draft Recorder was calibrated using a U-tube manometer (0 to 15 inches of water), 
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which was also used for measuring differential pressures above recorder range (Smith 

1977).   

The Pitot tube had several advantages over the Heated Number 2 Anemometer.  It 

automatically corrected the barometer and barograph to free-air pressure, it had no 

moving parts, and “instantaneous” maximum gusts and average sustained winds could be 

measured accurately from the recorder (Falconer 1946; Falconer 1947; Howe 1952).  

Additionally, the Pitot is mounted with a 7 degree downtilt to minimize wind impacting 

the sensor from below the horizon (K. L. Rancourt 2014, personal communication).  

Wind gusts were not a standard weather variable to measure until the Pitot tube and Hays 

Draft Chart were installed in 1946. The Pitot tube works well for winds greater than 30 

mph, but wind speeds below 30 mph often do not overcome the starting torque of the 

Pitot tube sensor mount to vane the Pitot tube properly into the wind.  Even during some 

light icing conditions, the MWO used a three-cup anemometer (Weather Service 

provided F-420C) from 1946-2005 when wind speeds went below 30 mph (Smith 1977).  

Since 28 August 2005, various models of R.M. Young propeller anemometers are used 

for wind speeds below 30 mph when there is no icing (Mike Carmon, personal 

communication).  A detailed description on how the Pitot tube works can be found in 

Smith (1977) and Thoren (2001). 

(i.) A New Location for the Wind Instrumentation (1980-Current) 

 In the summer of 1980, the Sherman Adams building was completed and the same 

Pitot tube used in the 1937-1980 Observatory building (location #3 in Fig. 3) moved to 

the Sherman Adams Tower (location #5 in Fig.3) on the northwest side of the summit.  

This new location has an inclined slope to the west and north.  This slope is unlike the 
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Stage Office (location #1 in Fig. 3) and the Observatory building (1937-1980) locations, 

both of which have an inclined slope to the east and south.  Wind measurements from the 

Sherman Adams Parapet experience no obstructions to the west and north, the prevailing 

wind direction, and the summit buildings are all downwind of the anemometer in the east 

through south directions.   

(ii.) A New Data Recorder and the Foxboro sensor (1992-Current)  

A new Pitot tube anemometer electronic instrumentation system was installed 2 

January 1992.  A detailed description on how this system works can be found in Thoren 

(2001).  Figure 9 displays a schematic of the current system installed at the Sherman 

Adams building.  The Foxboro sensor was installed in 1980 to provide differential 

pressure measurements to a Campbell Scientific CR-21X data logger, which began the 

digital recording of wind speeds on the summit. The U-tube manometer was intended for 

both back-up measurements and to help with calibration procedures once the Foxboro 

sensor was installed. 

c. Quality Control of the MWO Dataset and the Climatic Methodology 

In addition to investigating the standard climate variations at Mount Washington, 

this thesis also compares the MWO wind record with different Northern Hemispheric 

(NH) atmospheric patterns. Mount Washington is located in a unique location and 

elevation compared to most other weather stations in the Northern Hemisphere.  

Consequently, this dataset provides insight into atmospheric processes related to the 

planetary boundary layer and free troposphere since Mount Washington experiences both 

layers of the atmosphere (Grant et al. 2005).  Wind on Mount Washington should be 

representative of regional wind because of the relatively high elevation and exposure of 
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the summit.  The wind velocity data provided by MWO is valuable from a climatic 

perspective because it provides information about the free troposphere atmospheric 

airflow.  

The 20th Century Reanalysis V2 and the North American Regional Reanalysis 

(NARR) datasets are compared with Mount Washington wind because it is important to 

see how well reanalysis datasets reproduce observations that have been assimilated near 

the surface and in the free troposphere.  The comparison sheds some light on the 

differences between reanalysis datasets and the localized record of the MWO. 

1.) DATASETS AND QUALITY CONTROL OF THE MWO DATASET 

(i.) MWO Wind Speed, Direction Dataset and Quality Control 

From 1935 to current, the MWO wind record consists of hourly wind averages.  

Prior to the installation of the digital database in 2004, these hourly wind averages were 

obtained from a Hays Chart and before 1946 these measurements were gathered from a 

chronograph (e.g., Brooks 1943).  During the Heated Number 2 era (1934-1946) hourly 

wind averages were derived from the number of miles the anemometer turned within an 

hour.  After the Pitot tube was installed for operational use, the on-duty observer used the 

Hays Chart to calculate hourly wind averages.  The standard operating procedure for 

calculating the winds was to create a 15 minute average by taking several points (the 

sampling rate varied according to the MWO observer’s discretion for a particular 

situation) from the Hays Chart and averaging them together within that 15 minute time 

span (K.L. Rancourt, R. Knapp, S. Long, 2015, personal communication).  The hourly 

average was calculated from four 15 minute averages.  In 1980, the Campbell Scientific 

CR-21X data logger was installed but was used for comparison purposes only.  After the 
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digital database was set up in 2004 the hourly average was composed of samples that 

were taken ~7-8 times per second (the sampling rate changed according to the computer 

load) (M. Dorfman, 2015, personal communication).  All hourly averages were originally 

recorded in miles per hour and rounded to the single digits place.  For the purpose of this 

study they are converted to meters per second.       

The MWO wind dataset used in this study consists of hourly wind velocity 

averages from 1935-2013.  These hourly wind velocity averages are used to derive daily, 

monthly, seasonal and annual averages.  During 1932-1941, observers reported wind 

directions from 16 wind directions. After 1941, wind directions were reported from 8 

directions (north, northeast, east, southeast, south, southwest, west, and northwest). To 

homogenize the data, the 16 wind directions were consolidated into 8 major directions.  

The 16 minor direction’s intensity and frequency were split between the surrounding 

major directions. Digitized data from 1932-1934 were not available for use in this study. 

Some transcription errors may have occurred in the process of digitizing the 

MWO dataset. The following quality controls were run on the MWO dataset: (1.) If the 

change in wind speed is greater than 15 m s-1 between hours then that value is flagged, 

(2.) if the hourly averaged wind speed is 0 m s-1 then that value is flagged and (3.) all 

omissions were flagged.   If the quality control program flags an average hourly wind 

speed, then that data point was manually checked for authenticity in the original hand 

written record. 

(ii.) Wind Estimates 

A wind estimate is defined as a wind observation made by a MWO observer 

without a properly functioning anemometer. The method or standard operating procedure 
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for estimating winds during the mid 1940s is not documented.  Wind estimates from 

1935-2013 totaled 12,262 hourly observations (1.8% of 1935-2013 record).  Between 

1935-1946, when the Heated Number 2 Anemometer was the official anemometer, 

10,184 hours (10.6%) of winds were estimated. After the Pitot tube was installed, wind 

estimates decreased substantially (Fig. 10).  From 1946-2013, wind estimates compose 

2,078 hours (0.4%) of the wind record.  The frequency of wind estimates is highest 

during the wintertime (Fig. 11) because of icing and seasonally higher wind speeds.  

Higher winds increase the rate of icing which increases the likelihood of ice and water in 

the Pitot lines.   

From 1935-2013, 1194 hours of wind observations are omitted.  During the 

omitted period of wind observations, the observer did not record a wind speed or estimate 

a wind speed.  These omitted observations are not included in this study.  The annual bias 

between the record with wind estimates and the record without wind estimates is shown 

in Fig. 12.  Bias decreased substantially after the Pitot tube was installed.  In some cases 

the summertime bias (Fig. 13) is 10 times smaller than the wintertime bias (Fig. 14). 

More wind estimates in the beginning of the record and during the wintertime lead to 

large biases during the early portion of the record during the wintertime. Between 1935-

1945, icing was the major cause of wind estimates/omissions (1862 hours) and wind 

instrumentation malfunction is second (1656 hours) (Fig. 15).  Between 1935-1945, the 

causes for 6637 wind estimates/omissions are not documented (unknown). The primary 

causes (Fig. 16) of wind estimates/omissions during 1946-2013 are a) Pitot malfunction, 

b) water seeping into the Pitot line; and c) heavy icing.  A series of leaks were noticed in 

December 2007 and became more prevalent and severe during the winter of 2009-2010.  
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The problem was resolved 13 October 2011 when four compression fittings located 

behind the weather wall, two on each pressure line, were replaced (M. Carmon, personal 

communication). 

 (iii.) Reanalysis Datasets 

North American Regional Reanalysis (NARR) and NOAA-CIRES 20th Century 

Reanalysis Version 2 model geopotential height, temperature, u component of the wind, 

and v component of the wind data for 1935-2013 were obtained from the Earth Systems 

Resource Laboratory (ESRL) website (Mesinger et al. 2006; Compo et al. 2012).  The 

NARR and 20th Century V2 reanalysis grid points that are closest to Mount Washington 

were compared with the monthly averaged Mount Washington wind speeds from 1981-

2012. The NARR grid point that is closest to Mount Washington is [44.28°N, 71.37°W] 

and the 20th Century V2 Reanalysis closest grid point is [44°N, 72°W]. The average 

pressure recorded at Mount Washington is 802 hPa; therefore, u and v components of 

each dataset were extracted from the 800 hPa pressure level.  The u and v components 

from each reanalysis dataset were combined to find the wind velocity and direction at 800 

hPa.  The difference between the grid point wind speed and the Mount Washington wind 

speeds were calculated. Pearson correlation coefficients were calculated to find the 

correlation between the Mount Washington winds and the reanalysis winds for each 

month.  

 The day of 20 July 1996 was examined to provide an example of how Mount 

Washington constrains the airflow, which in turn increases the wind velocity and 

decreases the pressure recorded at the summit (Falconer 1947).  The 1200 UTC hourly 

wind average at Mount Washington is compared with four nearby radiosonde launch 
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sites.  For purposes of this study and comparison to reanalysis data, the radiosonde data is 

considered to be instantaneous at 1200 UTC, at the level closest to the pressure level of 

Mount Washington’s summit, and are from the following sites:  Maniwaki, Canada; 

Gray, ME; Albany, NY; and Chatham, MA.   

2) PREVAILING WIND AND LOCATION OF THE MWO  

To calculate the prevailing wind direction, wind roses were calculated for the 

period 1981-2010 and the summer (JJA) and winter (DJF) seasons of 1981-2010.  The 

cool season is defined as October through April.  Periods from 1935-1941, 1942-1980 

and 1981-2013 are analyzed separately and linear regression lines for each period are 

calculated.  These periods are analyzed separately because of the construction of the 

Yankee building in 1941, and the latest move to the Sherman Adams building in 1980, to 

test the impact of structure changes and anemometer site relocation on the wind speed 

and direction.   

The first ten years of the 1935-2013 wind record experienced frequent 

construction and demolition of buildings on the summit and anemometer location 

changes.  In order to assess differences in wind measurements due to changes in 

buildings and anemometer location during these first ten years, winds are averaged from 

each direction during the following periods 1935-1937, 1938-1941 and 1942-1945.  The 

anomalies between each period are investigated. 

3) MOUNT WASHINGTON WIND DIEL CYCLE, YEARLY AND SEASONAL CYCLE 

 The diel wind cycle was calculated for each day by averaging 79 years (1935-

2013) for each hour of each day.  The diel cycle was computed for the wind velocity and 

wind direction.  The daily wind average for each day was found by averaging 79 years 
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(1935-2013) of each day’s data, as was the daily wind maximum and daily wind 

minimum.  

 4) TREND ANALYSIS, AND COMPARISON TO THE ARCTIC OSCILLATION

 Annual/seasonal wind speed Theil-Sen slopes (Theil 1950; Sen 1968) were found 

for the following period of 1981 to 2013 with a confidence interval of 95%.  Geopotential 

height anomaly and temperature anomaly composites at 800 hPa and 2-meters above 

surface were created to illustrate the atmospheric patterns during the top five years with 

the strongest and weakest annual wind speed averages recorded at the MWO.       

In order to discover which climate indices had a physical association with the 

MWO wind record, Pearson correlation coefficients (at the 90% and 95% confidence 

interval) were calculated to find monthly averaged climate indices that best correlated 

with monthly averaged Mount Washington wind speeds, u-components and v-

components.   

The Northern Annular Mode or Arctic Oscillation (AO) represents the leading 

empirical function of sea level pressure or 1000 hPa geopotential height anomalies from 

20°N to the North Pole (Thompson and Wallace 1998).  The monthly averaged AO index 

was obtained from the NOAA Climate Prediction Center.  The months from October to 

April during 1981-2013 that had a monthly averaged AO index value greater than 1 or 

less than -1 were used to show the difference between the phase of the AO index and the 

magnitude of the wind recorded at Mount Washington.  An unpaired student t test was 

used to determine if the positive phase and negative phase distributions were significantly 

different from one another at the 99% confidence interval.  The five highest and lowest 

positive/negative AO values, and wind velocities were found for each month.  NARR and 
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20th Century reanalysis geopotential height, and zonal wind composites were utilized to 

create 800 hPa anomaly composites, and vertical cross-sections along longitude 71°W.  

 

 
Figure 1:  Google maps image of the northeastern United States.  The white triangle 
indicates the location of Mount Washington.  
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Figure 2:  The red line points to the summit cone of Mount Washington.  This hillshade 
was generated from a statewide digital elevation model extracted from the National 
Elevation Database as current as 2011.  Courtesy of the Complex Systems Research 
Center of the University of New Hampshire. 
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Figure 3: Locations of MWO anemometers from 1932-present: (1) Stage Office (1932-
1937); (2) disconnected tower from new observatory building (1937-1941); (3) 
connecting tower of observatory building (1941-1980); (4) water storage tank (1935-
1940s; location of a secondary anemometer); (5) Sherman Adams building parapet 
(1980-current).  Present and past buildings on the summit:  (A) Tip Top House (1853–
present); (B) third Summit House (1915–1980); (C) Alford power (generator) house 
(1937–2003); (D) Alford antenna tower (1937–present); (E) Yankee Building (1941–
present); (F) WMTW TV-8 antenna tower (1952– present); (G) FM radio antenna tower 
(1988–present); (H) Sherman Adams building (1980–present); (I) WMTW transmitter 
building (1954–2003); (J) Camden Cottage occupied (1935-1937); (Z) Geographical 
summit at 1917 m. Gray discs near Z and to the right of B mark sites of demolished water 
storage tanks. Dashed lines are height contours for 1890 m asl and 1905 m asl. Light gray 
shaded area is approximate present-day extent of graded gravel. Adapted from Grant et 
al. (2005).   
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Figure 4: Aerial image of the observatory taken in 2011.  The following numbers indicate 
the location where the operational anemometers were and the period it remained in that 
location.   

(1) Stage Office: 1932 - 1937 
(2) Disconnected tower from new observatory building: 1937-1941 
(3) New connected tower of observatory building: 1941-1980 
(4) On top of the demolished water storage tank located at the geographic summit.  It 

supplemented measurements only during summers from 1935-1940’s 
(5) Sherman Adams parapet: 1980 - present 
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Table 1:  Timeline of operational anemometers used on the summit of Mount 
Washington. (Does not include anemometers that were tested at the Observatory.) 
Years 
Operational 

Date became 
Operational 

Anemometer Type 

1932-1933 9-Nov-1932 Heated Number 1 Custom-made rotor 
anemometer 

1932-2005 18-Nov-1932 F-420C Cup 
Anemometer 

3 or 4 Cup Anemometer 

1933-1946 24-Apr-1933 Heated Number 2 Custom-made rotor 
anemometer 

1946-1992 1-Apr-1946 Grandfather Pitot-static tube 
1992-1994 2-Jan-1992 Pitot '92 Pitot-static tube 
1994-1997 4-Jan-1994 Pitot '94 Pitot-static tube 
1997-2011 6-Jan-1997 Pitot '97 Pitot-static tube 
2011-Current 8-Jan-2011 Pitot '11 Pitot-static tube 
2005-Current 28-Aug-2005 R.M.Young Windmill Anemometer 
 

Figure 5:  Wind velocity recorded by a multiple register from 12 April 1934 during the 
“Big Wind” event.    
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Figure 6:  Diagram of the Heated Number 2 (Pagliuca 1934). 
 

190 MONTHLY WEATHER REVIEW JUNE 1934 

I 
FIQUBI 7.-Sectional diagram of anemometer and parts. 
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Figure 7: Calibration curves of the Number 2 Heated Anemometer (Pagliuca 1934).  
Curve A: Ratio curve W/V and original observations dated November 1933 as furnished 
by Bureau of Standards.  Curve B: Hyperbola and same observations as in ratio curve A, 
equation 6.  Curve C: Hyperbola by equation 7 of text with observation derived from 
June test data in 36-inch wind tunnel at the Bureau of Standards. 
 

192 
JUNE 

1934 
M

O
N

T
H

L
Y

 
W

E
A

T
H

E
R

 
R

E
V

IE
W

 

0
 

.- - E 2 a 
.
I
 

i
d

 



 27 

 
Figure 8: Diagram displaying the inner workings of a Pitot-static tube.  From Thoren 
(2001). 
 

 
Figure 9: Schematic of the Pitot tube system.  In the total pressure line there is a 
‘restriction’ right after the U-tube manometer to reduce fluctuations in the very sensitive 
Digital barometer.  Courtesy of Rebecca Scholand, Mount Washington Observer (2011-
2014). 

greatly increases with an increase in windspeed (this effect will be explained in Chapter 

3.) Low windspeeds are not a limitation on Mount Washington, except on calm summer 

days. 

The Pitot tube is the sensing element and is a very simple device. It must perform two 

functions: it must have a port pointed into the flow such that fluid is brought to a halt 

right at the port's entrance. This is called the total pressure port or Pitot pressure port. It 

must also have a port (or multiple ports) pointed perpendicular to the flow that sense the 

static pressure of the air. These ports are precisely positioned to minimize errors due to 

turbulence as the air flows past the tube. See Figure 1.3. Experience has led to 

standardized geometries for Pitot tubes that meet these requirements to a very high 

degree of accuracy, even with small angular displacements such as those associated with 

meteorological measurements. 

Figure 1.3 Pitot Tube Diagram 
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Figure 10: Amount of wind estimates recorded each year from 1935-2013.  

 
Figure 11:  Monthly wind estimate distribution from 1935-2013. 
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Figure 12:  Annual wind bias from 1935-2013.  The wind record without the wind 
estimates is subtracted by the wind record with the wind estimates. 
 

 
Figure 13: Wind bias during the summer season (June, July and August) from 1935-2013.  
The wind record without the wind estimates is subtracted from the wind record with the 
wind estimates.   
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Figure 14: Wind bias during the winter season (December, January and February) from 
1935-2013.  The wind record without the wind estimates is subtracted from the wind 
record with the wind estimates.   
 

 
Figure 15: Causes of wind estimates from 1935-1945 when the Number 2 Heated was the 
official anemometer.  The “Not Given” category extends beyond the y-axis range.  
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Figure 16: Different causes of wind estimates from 1946-2013 when the Pitot tube was 
the official anemometer.  
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CHAPTER 3 
3. Results 

The beginning of this chapter focuses on how the site changes on the summit 

effected the MWO dataset during the first ten years of the MWO wind record.  The 

annual and diel wind speed cycles were then calculated for each season during the period 

of 1935-2013.  The remainder of the chapter reviews the 1981-2013 period of the MWO 

record because the site location during this period is fully exposed to the prevailing 

westerly wind direction.     

a. Prevailing Wind and Influence of Location Changes on the Wind Record 
 

A time series of Mount Washington mean annual wind speed from 1935-2013 is 

shown in Fig. 17. The changes of instrumentation and buildings on the summit of Mount 

Washington had an affect on wind speed measurements.  The time series in Fig. 17 is 

broken into different periods according to significant changes that occurred on the 

summit.  The large difference in average wind speed between 1935-1940 and 1941-1980 

can be explained by the construction of the Yankee building west-northwest of the 

Observatory building.  The impact of the Yankee building is described in more detail 

later on in this section.  After the anemometers were moved to the Sherman Adams 

building, the mean wind velocity increased from 14.9 m s-1 during 1946-1980 to 15.6 m s-

1 during 1981-2013.  This 5% increase of wind speed is due primarily to the location of 

the Sherman Adams building parapet on the northwest side of the summit where there are 

no upwind obstructions to the prevailing west and northwest wind directions.  Currently, 

the location on the parapet provides an unobstructed measure of wind for nearly 70% of 

the time (Fig. 18). 



 33 

The 1981-present portion of the record is of particular interest because of its 

consistency; it includes no station location changes, instrumentation changes, or 

environmental changes.  The 1981-2010 is a 30-year standard climate period and is used 

to calculate wind roses.  The prevailing wind direction on Mount Washington is from the 

west (Fig. 18).  The average wind speed from 1981-2010 was 15.6 m s-1 with an average 

wind direction of 278°.  The next dominant wind direction is from the northwest.  The 

frequency of northwesterly winds increases in the wintertime to 27% (Fig. 19) and 

decreases in the summertime to 21% (Fig. 20). The summertime experiences greater 

variability of wind direction.  From 1981-2010 the wintertime wind velocity was 20.1 m 

s-1 and the average 1981-2010 summertime velocity was 11.5 m s-1.  The stronger 

wintertime mean wind velocity at Mount Washington is a result of a more baroclinic 

atmosphere and increased exposure to the free troposphere. 

From 1935-1945, the MWO experienced multiple changes in the anemometer 

instrumentation and location on the summit.  The northerly, westerly and southerly mean 

wind speed remained relatively constant from 1935-1941 (Figure 21).  However, there 

was a significant decrease of 6.4 m s-1 from the southeast after the anemometer moved 

from the Stage Office to the disconnected tower.  This decrease can be attributed to the 

proximity and location of the Stage Office to the southeast of the disconnected tower. 

Southeasterly winds were slowed from mechanically induced turbulence from the Stage 

Office.  Furthermore, the disconnected tower was a greater distance from the slope of the 

mountain.  As stated earlier, the Heated Number 2 anemometer measured higher winds 

when wind approached the anemometer from an incline during non-icing conditions.  

Therefore, a change in the proximity of the Heated Number 2 anemometer away from the 
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slope of Mount Washington may have contributed to the reduction of the measured winds 

from the east, southeast and south at the disconnected tower of the Observatory building.  

Winds were likely reduced from the northeast due to the closer proximity of the 

disconnected tower to the third Summit House.  

The next period examined is after the anemometer moved from the disconnected 

tower to the connected tower of the Observatory building.  The Alford power generator 

was south of the connected tower, which disrupted the flow of air from the south leading 

to a decrease of 3.0 m s-1 between periods.  After the Yankee building was constructed to 

the northwest of the Observatory building in 1941, there was a 4.1 m s-1 decrease of the 

wind from the northwest (Figure 22).  The average wind velocity decreased 16% (Fig. 

17) from the period of 1935-1940 (average wind velocity 18.0 m s-1) to the period of 

1941-1945 (average wind velocity 15.2 m s-1).  Howe (1953) found similar results when a 

brief wind velocity experiment was conducted at the Yankee building during the winter 

of 1952-1953.  Winds at the Yankee building were compared with winds at the 

Observatory (1937-1980) building during the same time period.  Instrument readings 

between the two sites were as large as 20% different (depended on direction).  A three-

cup anemometer was compared with both sites eliminating the chance that the difference 

was due to instrumentation. When winds were recorded from the northwest, the Yankee 

building winds were 10 to 20% higher than the MWO building (Howe 1953).  The 

reduction in wind speed at the MWO building is due primarily from mechanically 

induced turbulence from the airflow encountering the Yankee building that results in 

decreasing the wind speed at the MWO building.  Statistics for all periods mentioned in 

this section are located in the Appendix A. 
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b. Annual and Diel Wind Variability 
 

The daily maximum, daily average and daily minimum wind velocity averages 

exhibit sine curves.  The average wind speed during the middle of winter is 

approximately 20 m s-1 and during the middle of summer is approximately 10 m s-1.  

Since the Mount Washington is located in the mid-latitudes, the pressure gradient force 

driven by synoptic scale weather features significantly influences the wind velocity (Fig. 

23).  During the summertime, synoptic scale pressure gradients are weaker and result in 

weaker mean wind velocities.  

The planetary boundary layer can also play a role in determining the wind speed.  

During the summer (Fig. 24), the diel average peak wind velocity is 12.4 m s-1 at 3am 

EST (~ 1 hour before sunrise) while the minimum wind velocity is 10 m s-1 (around noon 

EST).  Upward mixing of lower momentum air by thermals causes the wind speed 

minimum at 10am-12pm EST.  During nighttime, shortwave radiation no longer reaches 

the surface while longwave radiation continues to be emitted from Earth’s surface.  This 

typically creates a stable layer near the surface, which decouples from the free 

troposphere and wind speed increases to near geostrophy above the surface-based 

inversion (Stull 1988).  This diel process is enhanced during the summertime (Fig. 24).  

The sun angle is higher, which allows more radiation to be absorbed at the surface.  There 

is a 2.4 m s-1 difference between the diel maximum and minimum winds during the 

summer and only a 1 m s-1 diel difference during the wintertime. The diel difference in 

wind speed is also smaller in the wintertime because synoptic scale events (created from 

a larger temperature gradient between the North Pole and the equator) have a larger 

magnitude than localized boundary layer effects on average. Since the summit is typically 
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in the free troposphere where synoptic scale pressure gradients dominate wind speed, 

summit winds do not exhibit a consistent diel pattern (Fig. 25).  However, during the 

summer months the wind speed shows a consistent diel pattern on Mount Washington 

(Fig.26).  

All seasons exhibit a shift south in wind direction in the afternoon.  Shortly after 

the thermals reach their peak intensity (2pm EST during the summer) the wind direction 

begins to turn anticyclonically or veer (Fig. 27).  The winds become more northwesterly 

during the nighttime as winds at the summit decouple from the stable nocturnal boundary 

layer.  Similar to wind magnitude, the wintertime wind direction difference between night 

and day is not as great when compared to other seasons because of the decreased 

influence of the boundary layer. 

c. Trend Analysis and Atmospheric Patterns that Influence Inter-Annual Variations 
 

1) TREND ANALYSIS OF THE WINDS ON MOUNT WASHINGTON 
 

The period of 1981-2013 was chosen for this analysis because location changes 

have affected the magnitude of the wind for earlier portions of the record.  From 1981-

2013, the Theil-Sen trend in wind velocity is decreasing annually and in every season 

(Table 2).  However, during this time period, no Theil-Sen slopes exhibited a statistically 

significant decrease (Table 2). Similar to the Lin et al. (2013) study, the wind speed 

decrease at Mount Washington has become neutral to slightly positive since 2000 (Fig. 

17).  The Theil-Sen trend annual decrease is -0.25 m s-1 per decade.  Mount Washington 

experienced the strongest seasonal wind speed decrease during the winter with a decrease 

of -0.58 m s-1 per decade. The spring recorded the weakest decrease among seasons with 

a decrease of -0.19 m s-1 per decade.   
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2) ATMOSPHERIC PATTERNS THAT INFLUENCES MOUNT WASHINGTON WIND  
 
 On average, strong winds on Mt. Washington occur with negative 800 hPa 

geopotential height anomalies north of Mt. Washington and positive geopotential height 

anomalies south of Mt. Washington (Fig. 28) because this pattern enhances the mean 

meridional geopotential height gradient.  When winds are strong on Mt. Washington, 2 m 

temperatures are colder on average in the northeast and in Canada while warmer in the 

southeast US (Fig. 29).  The opposite is true when geopotential height anomalies are 

above average over most of the eastern US and Canada (Fig. 30).  The slowest wind years 

exhibited above average temperatures over most of the US and Canada (Fig. 31).  The 

positive geopotential height anomalies in the northeast US and Canada create an 

anomalous easterly wind over the eastern US.  Since easterly winds are typically slower 

than westerly winds, the overall wind speed weakens (Fig. 32).     

3) THE ARCTIC OSCILLATION AND WINTERTIME WINDS ATOP MOUNT            
           WASHINGTON 
 

The Arctic Oscillation (AO) was found to correlate highest with the monthly 

averaged Mount Washington wind speed, u and v components.  Although other climate 

indices showed a statistically significant correlation with the Mount Washington wind 

speed this thesis only provides the results from the AO correlation. 

A linear correlation was performed with the MWO wind speed record and the 

Arctic Oscillation (AO) during 1981-2013 when no location changes occurred.  

November, December, February, March and April all show statistically significant 

correlations (p<0.05; Table 3).  Lower and statistically weaker (p>0.10) correlations 

occurred during the warm season months (Table 3).  Cool season mean positive AO 

months typically have higher wind speeds and cool season negative AO months usually 
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have lower than average wind speeds.  However, there is not a statistically significant 

correlation between the magnitude of the wind and the AO index in the month of January.  

The months from October to April during 1981-2013 that had an averaged AO 

index value greater than 1 or less than -1 were used to show the difference between the 

phase of the AO index and the magnitude of the wind recorded at Mount Washington 

(Fig. 33).  There were 47 negative phase months and 45 positive phase months during 

this period that met the AO index threshold below -1 or above 1.  The frequency 

distribution of positive phase and negative phase months with respect to wind speed both 

exhibit a bell curve (Fig. 33).  The MWO wind speed distribution during negative phase 

months is statistically different (99% confidence interval) than the MWO wind during 

positive months.  Therefore, the MWO wind speed is more likely to be reduced during 

negative phase months of the AO than during positive phase months.  

During the five strongest negative AO winter months (1981-2012), the wind 

magnitude was 0.9 m s-1 below average.  During a strong negative phase of the AO (Fig. 

34), positive geopotential height anomalies occurred from 60 to 90 degrees latitude in 

eastern Canada and negative geopotential height anomalies occurred from 25 to 55 

degrees latitude over the eastern US.  This anomaly pattern during the late fall, winter, 

and spring months decreased the mean meridional geopotential height gradient that drove 

the wind.  The negative and positive geopotential heights extend through the depth of the 

troposphere and into the stratosphere in the mid-latitudes and Arctic, respectively (Fig. 

35).  Positive geopotential heights in the upper troposphere and lower stratosphere would 

indicate a weak polar vortex.  Subsequently, this would infer a wavier and weaker polar 

jet. 
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  During the five strongest positive AO winter months (1981-2012), the winds 

were 1.8 m s-1 above average.  During a strong positive phase of the AO (Fig. 36), 

negative geopotential height anomalies occurred from 55 to 90 degrees latitude and 

positive geopotential height anomalies occurred from 20 to 50 degrees latitude.  A 

positive phase of the AO is defined by a strong polar vortex (Fig. 37) that constrains 

colder air in the Arctic and high latitudes.  The polar jet is further north, stronger and 

more zonal during a positive AO.  The wintertime polar jet is usually found around 250 

hPa and along the strong anomaly gradients in Figure 37 and Figure 37.  On average, the 

summit experienced a northwesterly flow during the negative phase of the AO and a 

westerly flow during the positive phase of the AO. 

d. Comparing the MWO Wind Record with Reanalysis and Wind Intensity Influenced by 
Topography 
 
 1) COMPARING THE MWO WIND RECORD WITH REANALYSIS  
 
 The winds at Mount Washington were compared to winds from reanalysis 

datasets to see how well the reanalysis datasets represent Mount Washington 

observations. The Mount Washington wind record consists of measurements at a precise 

location while the grid points of the 20th Century Reanalysis and NARR datasets 

represent large geographic regions (NARR resolution is ~32km and 20th Century 

Reanalysis resolution is 2.0 degree latitude by 2.0 degree longitude , respectively).  The 

highest terrain elevation in grid box that contains Mount Washington in the NCEP/NCAR 

Reanalysis is approximately 300 m ASL and 700 m ASL in the NARR.  The actual 

height of Mount Washington is 1917 m ASL.  From this assessment it is clear that 

boundary layer and Bernoulli effects will be diminished in each of the reanalysis datasets 

due to the coarse resolution.  However, correlations can still be drawn between the MWO 
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winds and reanalysis grid points.  The overall synoptic-scale flow can be well resolved in 

reanalysis datasets, while smaller scale features are limited in the 20th Century and 

NARR reanalysis datasets.   

Between 1981-2012 (Table 4), February recorded the highest correlations for the 

NARR and 20th Century reanalysis datasets.  The lowest correlations between the MWO 

wind record and reanalysis winds were October for the NARR reanalysis and July for the 

20th Century Reanalysis.  The summertime climate in the mid-latitudes has a weakened 

synoptic scale flow and weakened synoptic systems.  Wintertime variability is highly 

correlated since synoptic scale systems driving Mount Washington wind speed are well 

resolved by the reanalysis datasets during the winter.  The planetary boundary layer has 

an impact on the correlations between datasets because during the summertime, on 

average, the planetary boundary layer height is higher and more likely to envelop the 

summit, which in turn alters the wind (Grant et al. 2005; Seidel et al. 2009). As 

mentioned earlier, this small-scale feature may not be resolved well in the reanalysis 

datasets due to the coarse resolution of each dataset.  During the wintertime, the boundary 

layer height decreases and the summit is more likely to be influenced by free tropospheric 

air or localized surface layer air on the summit cone.  Winds in the free troposphere are 

close to geostrophy and therefore, more likely to be primarily influenced by the large 

scale flow (Seidel et al. 2009).  The best correlations between datasets occur in February 

(Fig. 38).  The synoptic scale flow is dominant in February, and the summit typically 

resides in the free troposphere where the wind is quasi-geostrophic and is well 

represented in the reanalysis datasets. 
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Topography can enhance the winds on the summit if the flow is sub-critical 

everywhere and if there is a statically stable atmosphere (Stull 1988; Markowski and 

Richardson 2010).  Using the Modern Era Retrospective Analysis for Research and 

Applications (MERRA) dataset, Frierson and Davis (2011) found that, during the 

wintertime, mid-latitudes are significantly more statically stable than during the 

summertime.  When the atmosphere is statically stable or there is a stable layer slightly 

above the summit, the wind velocity on the summit of Mount Washington is more intense 

than the ambient air upwind at the same height or pressure level.  The higher resolution 

NARR dataset is closer to the correct magnitude during winter than the 20th Century 

Reanalysis dataset (Fig. 39).  However, both reanalysis datasets only capture 

approximately 50% of the MWO wind magnitude for all seasons (Fig. 39).  It is not 

surprising that the difference between the reanalysis datasets is near zero (Fig. 39) during 

the summertime because they both have trouble resolving small-scale processes due to 

their coarse resolution.  During the summertime the intensity of the wind is weakened 

and exposure to convective mixing in the boundary layer increases. 

2) CASE STUDY OF THE TOPOGRAPHIC INFLUENCE ON THE 20 JULY 1996 WINDS 
 
 Airflow is constrained by Mount Washington as it passes over the summit, which 

leads to a localized maximum wind speed and a decrease in pressure at the summit 

(Falconer 1947). During the summer day of 20 July 1996, Mount Washington recorded a 

daily wind average of nearly 45 m s-1, which is approximately 33 m s-1 higher than the 

1981-2010 average for July.  This outlier was due to an unseasonably strong low pressure 

system over northern Maine (Fig. 40) and a strong high pressure system over the Great 

Lakes region.  The geopotential heights at 1000 hPa (Fig. 41) are well below average in 
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the northeast US compared to the 1979-2001 climatology. The low pressure system 

tracked to the northeast while the high pressure built in behind the low pressure from the 

west. 

According to the NARR dataset (Fig. 42), the daily average wind speed was 28 m 

s-1 at the approximate pressure level where Mt. Washington is located (800 hPa).  

Radiosondes within the region (Table 5; Fig. 43) recorded winds approximately the same 

as given by the NARR dataset.  The wind direction recorded by all radiosondes was from 

the northwest, which agreed with the NARR dataset.  However, the winds on Mt. 

Washington came from the west and were substantially higher than the NARR dataset.  

Surface friction and topography may have played an important role in shifting the wind 

from the northwest to the west on the summit of Mt. Washington, and the sloped terrain 

likely played an important role in increasing the wind velocity.  All radiosondes recorded 

a near dry adiabatic layer near the surface and a stable layer between 891 hPa and 629 

hPa.  This stable layer may have acted as a lid.  As the airflow approached the summit 

from the northwest (west from the lower levels Fig. 40), it encountered a gradual 

topographic increase.  As the airflow traversed Mt. Washington, the kinetic energy 

required to ascend the mountain is converted into potential energy.  Once the airflow 

reaches the summit, the potential energy is converted into kinetic energy and increases 

the velocity of the wind recorded on the summit of Mount Washington (Markowski and 

Richardson 2010).  Therefore, when the airflow crested the summit of Mount Washington 

it released its potential energy as kinetic energy near the surface, thereby producing a 

stronger wind velocity on the summit.  These small-scale effects are not captured by 

either reanalysis dataset because neither dataset has a high enough resolution. 



 43 

 
Figure 17:  The annual average wind velocity derived from the hourly wind speeds with 
linear regression lines fitted to each period of annual wind observations.   
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Figure 18: Wind rose derived from 1981-2010 year-round hourly wind velocity data. 
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Figure 19: Wind rose derived from 1981-2010 wintertime hourly wind velocity data. 
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Figure 20: Wind rose derived from 1981-2010 summertime hourly wind velocity data.       
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Figure 21: Wind rose displaying the average wind velocity from 1938-1941 subtracted by 
the average wind velocity from 1935-1937. 
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Figure 22: Wind rose displaying the average wind velocity from 1942-1945 subtracted by 
the average wind velocity from 1938-1941. 
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Figure 23: Daily average wind speed (blue dots), highest daily average wind speed (red 
dots), and lowest daily average wind speed (green dots) for each day of the year for 1935-
2013. Every daily average wind speed (blue dots) was averaged over the 79-year period.  
A 6th degree polynomial function of best fit (black curves) is shown for each variable.  
The outlier on 20 July 1996 (day 202) is associated with an anomalously strong 
summertime synoptic pressure gradient.  
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Figure 24: Wind magnitude for each season.  Each hour of each season is averaged over 
79 years of data. 
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Figure 25: Wind magnitude for the 31 calendar days in January.  Each hour of the day is 
averaged over 79 years of data. Sunset and sunrise generally vary between 7:05-7:21 AM 
and 4:17-4:53 PM in December (sunset and sunrise change slightly every year; these 
times are chosen from 2011), respectively.  
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Figure 26: Wind magnitude for the 31 calendar days in July.  Each hour of the day is 
averaged over 79 years of data.  Sunrise and sunset are estimated from July 15th 2011.  
Sunset and sunrise vary between 4:05-4:31 AM and 7:11-7:33 PM in July (sunset and 
sunrise change slightly every year; these times are chosen from 2011), respectively.  
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Figure 27: Diel cycle of wind direction for each season. Each hour of every season is 
averaged over 79 years of data.	  

 
Table 2:  Theil-Sen Slope analysis was calculated seasonally and annually for the 
magnitude during the period of 1981-2013.  

Season/Annual Theil-Sen Slope 
(m s-1 per Decade) 

Summer -0.34 

Fall -0.33 

Winter -0.58 

Spring -0.19 

Annual -0.25 
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Table 3: Pearson correlation coefficients for the monthly averaged CPC Artic Oscillation 
(AO) index and the monthly averaged MWO wind magnitudes, u-component and v-
component for 1981-2013.  Months with statistically significant correlations with a 95% 
confidence interval have an ‘a’ superscript while statistically significant correlations with 
a 90% confidence interval have a ‘b’ superscript. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Wind 
Magnitude 0.19 0.31a 0.40a 0.41a -0.21 0.00 0.17 -0.01 -0.01 0.16 0.39a 0.47a 

u-component 0.30b 0.55z 0.63z 0.21 -0.07 0.03 0.12 0.04 0.00 0.14 0.41a 0.48a 

v-component 0.30b 0.52z 0.69z -0.13 0.14 0.16 -0.29 0.18 0.09 -0.07 0.10 0.22 

 

 
Figure 28: Composite 800 hPa geopotential height anomalies (m, shaded) for the five 
years with the highest annual mean wind speed from the period 1981 – 2013. 
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Figure 29: Composite 2-meter temperature anomalies (K, shaded) for the five years with 
the highest annual mean wind speed from the period 1981 – 2013. 
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Figure 30: Composite 800 hPa geopotential height anomalies (m, shaded) for the five 
years with the lowest annual mean wind speed from the period 1981 – 2013. 
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Figure 31: Composite 2-meter temperature anomalies (K, shaded) for the five years with 
the lowest annual mean wind speed from the period 1981 – 2013. 
 



 58 

 
Figure 32: Composite zonal wind anomalies (m s-1, shaded) for the five years with the 
lowest annual mean wind speed from the period 1981 – 2013. 
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Figure 33:  The monthly averaged winds between October and April were placed in in 
their respective velocity bins that correspond to their monthly averaged wind speed.  
Only months with an averaged AO index value greater than 1 or less than -1 were used.  
There were 47 months that had an AO index value less than -1 and 45 months had a value 
greater than 1. 
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Figure 34:  Composite mean 800 hPa geopotential height anomalies of the five most 
negative December-February AO values for 1981-2013.   
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Figure 35: Vertical cross section of composite mean geopotential height anomalies over 
289oE for the five most negative December-February AO values for 1981-2013.   
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Figure 36: Composite mean 800 hPa geopotential height anomalies of the five most 
positive December-February AO values for 1981-2013.   
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Figure 37: Vertical cross section of composite mean geopotential height anomalies over 
289oE for the five most positive December-February AO values for 1981-2013. 
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Table 4:  Pearson correlation coefficients are calculated between each dataset from 1981-
2012*.  All r-values have p-values less than 0.01.  The grid points closest to Mount 
Washington and the 800 hPa pressure level were utilized for each reanalysis dataset.  
*The 20th Century dataset is available only until 2012. 

 
 

 
Figure 38: Monthly averaged winds for February from 1981-2012. 

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

MWO & 
NARR 0.78 0.89 0.78 0.71 0.67 0.64 0.69 0.72 0.76 0.47 0.73 0.73 

MWO & 
20th 
Century 

0.64 0.80 0.64 0.64 0.60 0.57 0.44 0.63 0.68 0.46 0.68 0.65 
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Figure 39: Monthly mean wind speed at Mount Washington and the grid box that 
includes Mount Washington at 800 hPa for the NARR and 20th Century V2 reanalysis 
datasets for 1981-2012. 
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Figure 40: Surface analysis for 12 UTC 20 July 1996. Courtesy of Unisys. 
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Figure 41:  NARR 1000 hPa geopotential height anomalies for 20 July 1996.      
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Figure 42:  Wind velocity (shaded) and vectors at 800 hPa derived from the NARR 
reanalysis dataset. 
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Table 5:  Radiosonde wind velocity observations near the same pressure height of Mt. 
Washington at 12 UTC 20 July 1996 compared to the Mt. Washington hourly wind 
velocity observation. The radiosonde measurements are instantaneous while the MWO 
wind measurements are hourly averages.  The stable layer represents where the 
environment is isothermal or greater with height.  All radiosondes had unstable layers 
below stable layers.  

Station Pressure 
(hPa) 

Pressure 
Height 

(m) 

Height 
of 

Station 
(m) 

Wind 
velocity 
(m  s-1) 

Direction Latitude Longitude 

Stable 
Layer 
Begins 
(hPa) 

Stable 
Layer 
Ends 
(hPa) 

Mt.Washington, 
NH 791.5 1917 1917 45.1 270 44.27 N 71.30 W - - 

Maniwaki, Canada 798 1917 173 28.3 350 46.38 N 75.95 W 864 834 

Gray, ME 798 1828 125 27.3 310 43.90 N 70.25 W 643 629 

Albany, NY 807 1828 96 25.2 315 42.70 N 73.83 W 891 862 

Chatham, MA 803.5 1828 16 14.4 315 41.65 N 69.95 W 696 672 

 

 
Figure 43:  Locations of radiosonde launches and their vicinity to Mt. Washington. 
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CHAPTER 4 
 
4. Conclusions and Future Work 
 

This study examined the 79-year wind record on Mount Washington (1935 to 

2013). A detailed review of the history of both the instrumentation and measurement 

location was conducted.  The first ten years of the MWO wind record was examined to 

determine how the buildings on the summit and the MWO location changes affected the 

wind speed.  The annual and diel wind speed and wind direction were calculated for the 

period of 1935-2013.  The rest of the study focused on a wind trend analysis, atmospheric 

geopotential height patterns responsible for Mount Washington wind strength, and a 

comparison of reanalysis datasets to the MWO wind record for the period of 1981-2013.   

a. Conclusions 

The Mount Washington wind speed anomalies for a given direction were 

dependent on the location of the MWO anemometer and the location of buildings on the 

summit.  The overall wind speed recorded at the MWO decreased dramatically after the 

Yankee building was constructed on the summit in 1941.  The directions that were 

reduced the most were the westerly and northwesterly winds because the Yankee building 

was built west-northwest of the Observatory building (1937-1980).  

When the mean meridional geopotential gradient decreases during the summer, 

the wind speed decreases on the summit of Mount Washington and diel patterns are more 

common.  During the summer, daytime upward mixing of lower momentum air by 

thermals decreases the wind velocity.  At night, a stable layer near the surface often 

forms, which decouples from the free troposphere and increases the wind above the 

surface based inversion at the summit elevation.  This diel pattern is relatively weak 
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during the winter because a lack of solar radiation limits growth of the planetary 

boundary layer.   

The period of 1981-2013 was chosen for climatic trends because of the consistent 

location of the anemometer and the current location of the MWO allows it to encounter 

unimpeded airflow from the predominant wind directions (west and northwest). The 

1981-present Mount Washington Wind record is excellent for climate research because 

there have been no significant changes on the summit since the anemometer moved to the 

Sherman Adams building. Additional data collection and research are needed to quantify 

the impacts location changes and surficial changes have had on the wind measured prior 

to 1980 to compare with measurements at the current location. 

The period, scale and scope of weather systems that affect Mount Washington 

wind change seasonally.  The significant driver of the cool season wind is the synoptic 

scale mean meridional geopotential height gradient.  Therefore, the wintertime wind on 

Mount Washington is dependent on synoptic flow.   The weak correlation between the 

Arctic Oscillation index and the MWO wind record during the winter (from 1981-

present) indicates that the Mount Washington wind record can weakly represent the 

strength of a Northern Hemispheric circulation pattern during the winter.  During a 

positive phase of the Arctic Oscillation (AO), cold air is constrained north of the 

Canadian border on average.  Negative geopotential height anomalies set up in Canada 

and positive geopotential height anomalies set up over the Eastern US.  This increases the 

mean meridional geopotential height gradient and subsequently increases the wind 

observed on Mount Washington.  During the years with the strongest winds recorded on 

Mount Washington this same pattern is observed.  However, positive and negative height 
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anomalies were further south than the canonical positive phase of the AO.  The opposite 

geopotential height anomalies can be seen with the negative phase of the AO during the 

wintertime and the years that experienced the weakest winds.  The mean geopotential 

height gradient decreases for the negative AO and years that experienced the weakest 

winds at the MWO. 

The correlation between the MWO wind speed record and the reanalysis datasets 

is greatest during the wintertime.  Reanalysis datasets are more representative of the 

synoptic scale flow and has trouble resolving mesoscale features that become a more 

dominant influence on wind speed during summer.  Synoptic flow tends to impact the 

summit wind during the wintertime while during the summertime the summit wind is 

likely to be influenced by boundary layer processes.  Airflow is constrained by Mount 

Washington, which results in an increase in wind velocity at the summit.  This 

mechanism is not resolved well in either reanalysis dataset because of the resolution.           

The MWO wind magnitude has decreased on the summit of Mount Washington 

by 0.25 m s-1 each decade since 1981.   During the wintertime, this decrease has been at a 

greater rate of 0.58 m s-1 per decade.  No significant siting changes occurred on the 

summit from 1981 to 2013.  Therefore, large-scale atmospheric changes are likely 

responsible for these wind speed changes.  Possible causes of the changing wind speed at 

the summit of Mount Washington include: Arctic amplification (e.g., Ren 2010; Lin et al. 

2013; Klink 1999); regional and localized circulation changes; and increased boundary 

layer exposure at the summit.  Arctic amplification leads to a decrease in the mean 

meridional geopotential height gradient (Francis and Vavrus 2015).  However, the 

locations of the mean meridional geopotential height gradient decreases are important in 
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determining if this is a likely reason for the wind decrease observed at Mount 

Washington.  More research is needed to see how much these processes impacted Mount 

Washington winds and how they might vary in the future. 

b. Future Work  

In order to be able to conduct a more quantitative analysis of a longer period of 

summit wind records it will be necessary to empirically determine the difference in wind 

speed and direction associated with transferring the location of the anemometer from the 

Mount Washington Observatory building (1937) to the Sherman Adams building (1980 – 

present). One approach would be to install an anemometer at the Stage Office or the old 

location of the torn down (1937-1980) Mount Washington Observatory building.  The 

wind speed and direction differences between the temporary anemometer and the 

Sherman Adams building anemometer would need to be monitored.  From these 

observations, the magnitude of wind affected by the location change from the southern 

portion of the summit to the northern portion of the summit can be quantified.  Data 

collection on the southern portion of the summit will also provide an opportunity to 

reanalyze the affect of the Yankee building on the MWO wind record.   

The winds recorded at the summit of Mount Washington are faster than surface 

stations because of the constrained airflow passing over the Mount Washington.  In order 

to test whether localized circulations or boundary layer exposure changes to the summit 

are associated with the observed decrease in the wind record, tethersonde instruments and 

lidar wind profiler would be needed.  A wind profiler and a tethersonde located to the 

west of Mount Washington will allow the observation of the wind upstream of the Mount 

Washington.  The tethersonde observations would be located at the same height of Mount 
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Washington (1917 m ASL; ~802 hPa) where there is relatively flat terrain.  A 

pyranometer or pyrheliometer could be set up on the summit cone in order to see how 

diel variation of radiation is correlated to wind speed and direction during different 

seasons.  In addition a tower that can measure turbulent eddy momentum and sensible 

and/or latent heat fluxes would be placed in a suitable location on the summit. From these 

observations the boundary layer and topography effects on the Mount Washington wind 

record can be quantified. 
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APPENDIX A 

Statistics for Wind Directions During 1935-1945 

Table B1:  Statistics for all wind directions while instrumentation was recording wind 
from the Stage Office during 1935-1937. Mean corresponds to the mean wind velocity.  
STD stands for standard deviation. CV stands for coefficient of variation.  IQR stands for 
interquartile range. 

Stage Mean STD Median CV Max Min IQR Percent Frequenc
y 

N: 9.59 8.10 7.15 1.18 43.36 0.45 7.15 0.04 1135 
NNE: 10.37 7.49 8.94 1.38 30.85 0.89 7.60 0.00 87 
NE: 10.51 7.76 8.49 1.36 47.39 0.45 9.39 0.03 687 
ENE: 15.70 11.20 12.96 1.40 53.64 2.24 17.43 0.00 92 
E: 13.40 11.71 9.61 1.14 42.47 0.45 16.54 0.01 270 
ESE: 18.70 11.36 18.11 1.65 48.73 1.34 14.98 0.00 56 
SE: 20.74 14.72 17.88 1.41 64.82 0.89 23.25 0.05 1269 
SSE: 24.33 16.17 24.14 1.50 63.93 1.34 27.83 0.01 147 
S: 16.40 11.33 15.20 1.45 49.62 0.45 18.33 0.05 1252 
SSW: 16.29 10.67 15.20 1.53 45.15 1.34 14.75 0.01 214 
SW: 15.21 9.10 13.86 1.67 47.83 0.45 13.41 0.17 4406 
WSW: 17.61 8.31 17.43 2.12 42.92 0.89 12.07 0.07 1822 
W: 19.16 10.37 18.33 1.85 67.06 0.45 15.2 0.24 6367 
WNW
: 22.69 10.41 22.8 2.18 53.20 1.34 14.75 0.04 1118 

NW: 21.41 11.06 20.56 1.94 58.12 0.45 16.09 0.26 6893 
NNW: 16.69 9.29 15.42 1.80 47.39 1.34 12.96 0.01 283 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 76 

 
Table B2:  Statistics for all wind directions while instrumentation was recording wind 
from the Disconnected Tower of the Observatory building during 1938-1941. Mean 
corresponds to the mean wind velocity.  STD stands for standard deviation. CV stands for 
coefficient of variation.  IQR stands for interquartile range. 

DC 
Tow Mean STD Median CV Max Min IQR Percent Frequenc

y 
N: 9.16 7.59 7.15 1.21 42.47 0.45 6.71 0.05 1706 
NNE: 7.79 4.54 6.71 1.71 21.46 3.13 1.34 0.00 12 
NE: 7.97 6.46 6.26 1.23 35.76 0.45 7.60 0.05 1648 
ENE: 12.41 10.18 8.27 1.22 27.27 5.81 13.19 0.00 4 
E: 10.49 10.51 6.26 1.00 48.28 0.45 11.18 0.04 1542 
ESE: 13.19 15.91 7.60 0.83 35.76 1.79 22.35 0.00 4 
SE: 14.29 10.84 11.62 1.32 52.75 0.45 17.43 0.04 1568 
SSE: 11.69 8.07 12.52 1.45 24.14 1.34 11.85 0.00 7 
S: 15.09 10.79 12.52 1.4 57.22 0.45 14.31 0.05 1874 
SSW: 13.45 5.97 14.31 2.25 24.14 1.79 10.39 0.00 35 
SW: 15.83 9.51 13.86 1.67 53.64 0.45 12.96 0.13 4691 
WSW: 14.11 7.28 12.52 1.94 40.23 4.47 7.82 0.00 103 
W: 19.47 10.61 17.88 1.84 55.88 0.45 15.65 0.31 10935 
WNW: 18.74 9.15 16.99 2.05 45.15 5.36 11.51 0.00 71 
NW: 19.61 9.93 18.78 1.97 56.77 0.45 13.86 0.31 10774 
NNW: 9.45 4.38 8.72 2.16 17.88 2.68 7.38 0.00 36 
 
 
Table B3:  Statistics for all wind directions while instrumentation was recording wind 
from the Connected Tower of the Observatory building during 1942-1945. Mean 
corresponds to the mean wind velocity.  STD stands for standard deviation. CV stands for 
coefficient of variation.  IQR stands for interquartile range. 

CO 
Tow 

Mean ST
D 

Median CV Max Min IQR Percent Frequenc
y 

N: 7.88 6.60 4.92 1.19 31.29 0.45 8.49 0.03 939 
NE: 8.93 5.80 7.38 1.54 26.82 0.89 7.60 0.03 914 
E: 12.42 9.96 9.39 1.25 49.17 0.45 14.31 0.03 979 
SE: 14.17 9.08 12.96 1.56 42.92 0.45 14.75 0.05 1670 
S: 12.02 8.16 10.28 1.47 42.47 0.00 11.62 0.06 2155 
SW: 14.13 7.69 12.96 1.84 49.17 0.45 10.73 0.11 3952 
W: 16.86 8.88 16.09 1.9 71.08 0.45 12.07 0.50 17624 
NW: 15.52 8.72 14.31 1.78 55.88 0.45 12.52 0.19 6731 
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